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During  the  last  year  of  the  project,  July  2014-  June  2015,  some  notable  accomplishments  were 
obtained  to  crown  the  findings  of  the  preceding  two  years  of  the  project.  They  include,  in 
particular: 

A)  Area  concerning  fluid  per  se,  or  else  fluid-structure  interaction 

(i)  Feeback  local  stabilization  of  the  full  Navier-Stokes  equations  in  the  physical  dimensions  2 
and  3,  in  a  neighborhood  of  an  equilibrium  solution,  by  means  of  a  pair  of  feedback  controls 
{u,v},  acting  tangentially  in  the  way  made  precise  below,  and  with  arbitrarily  small  support. 

More  precisely,  the  control  u  is  a  boundary  control  acting  tangentially  on  an  arbitrarily  small 
portion  of  the  boundary  of  the  spatial  domain.  Instead,  the  control  v  is  an  interior  control, 
acting  likewise  tangentially,  that  is,  parallel  to  the  boundary,  and  supported  on  a  small  interior 
domain  corresponding  to  the  boundary  support  of  u.  In  conclusion,  a  purely  tangential  action  is 
in  place.  The  results  depend  drastically  on  the  dimension.  For  dimension  2,  the  feedback 
controllers  can  be  constructed  explicitly  as  being  finite  dimensional.  It  may  be  either  Riccati- 
based  or  else  spectral  based.  This  is  not  possible  in  the  physical  dimension  3.  Flere  a  Riccati-type 
feedback  is  constructed.  The  topological  level  at  which  decay  is  achieved  also  depends  on  the 
dimension.  It  is  more  challenging  for  dimension  3.  The  result  goes  through  the  preliminary  step 
of  establishing  uniform  global  exponential  decay  for  the  corresponding  linearized  system 
(Oseen  system).  No  artificial  assumptions  are  used 

(ii)  Well-posedness  of  the  fluid-structure  interaction  comprised  of  a  structure  immersed  in  a 
fluid  domain,  and  moving  within  the  fluid  domain,  with  coupling  being  active  at  the  interface 
between  the  structure  domain  and  the  fluid  domain.  This  implies  that  the  overall  system  is 
quasi-linear.  The  results  obtained  about  well-posedness  drastically  improve  on  the  regularity 
obtained  about  ten  years  ago.  For  regular  solutions,  the  required  regularity  obtained  in  the 
present  AFOSR-supported  research  is  2  units  less  than  in  the  past  literature. 

(iii)  Well-posedness  as  well  as  stability  properties  of  another  model  of  fluid-structure 
interaction:  here  the  structure  is  instead  static  (save  for  small  rapid  oscillations)  and  is 
immersed  in  the  fluid,  the  novelty  over  past  literature  being  that  the  structure  has  an  additional 
strong  damping  term,  of  the  same  order  of  strength  as  that  of  the  principal  part  operator. 
Results  include:  (a)  that  the  overall  fluid-structure  interaction  model  generates  an  analytic 
semi-group  which  moreover  (b)  is  exponentially  stable  with  a  precise  decay-rate.  Furthermore, 
the  resolvent  set  of  the  analytic  semigroup  generator  contains  the  entire  complex  plane  outside 
the  negative  real  axis. 

(iv)  Additional  results  to  the  model  in  part  (iii)  refer  to  the  case  where  such  fluid-structure 
interaction  model  is  subject  to  a  control  acting  on  the  interface  between  the  two  media:  either 
in  the  Neumann  boundary  conditions  of  the  interface  conditions  (the  more  challenging  case  of 
the  analysis)  or  else  in  the  Dirichlet  boundary  conditions  of  the  interface  conditions.  The  first 
result  requires  finding  the  domain  of  the  square  root  of  the  matrix-valued  generator,  with 
coupled  boundary  conditions,  a  non-trivial  task.  As  a  result,  this  fluid-structure  interaction 
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model  is  covered  as  a  specialization  of  the  known  optimal  control  or  min-max  game  theory  of 
parabolic  problems  of  the  literature 

B)  Area  concerning  flow-structure  interaction,  such  as  it  occurs  over  the  wing  of  an  airplane. 

One  of  the  fundamental  problems  in  aero-elasticity  is  the  control  of  flutter,  which  is  induced  by 
the  oscillations  of  a  panel  immersed  in  the  flow  of  gas.  This  could  be  wing  of  airplane  traveling 
at  a  subsonic  or  supersonic  speeds,  or  a  fixed  panel  (such  as  a  bridge),  affected  by  the 
movement  of  the  air.  The  flutter  problem  is  an  endemic  phenomenon  in  technological 
applications.  Thus,  controlling  flutter  or  altogether  eliminating  flutter,  is  one  of  the  key  goals  in 
aero-elasticity. 

The  present  project  in  reference  above  provided  an  analysis  of  the  qualitative  behavior  of 
oscillations  of  a  panel  immersed  in  either  a  subsonic  or  a  supersonic  flow  of  gas.  The 
mathematical  model  consists  of  a  perturbed  wave  equation  coupled  at  the  interface  with  a 
nonlinear  plate.  The  main  findings  are  as  follows: 

1.  In  the  subsonic  regime: 

It  is  proved  that  an  application  of  frictional  damping  on  the  structure  only  (no 
dissipation  assumed  on  the  flow)  can  stabilize  to  equilibria  turbulent  flows.  This  is 
proved  by  asserting  strong  asymptotic  stability.  The  main  mathematical  challenge  of  the 
problem  is  how  to  obtain  the  requisite  estimates  without  accounting  for  any  dissipative 
effects  of  the  flow.  Here,  new  techniques  have  been  developed  which  allow  to  control 
the  rate  of  stabilization  to  equilibria  of  a  part  of  the  flow.  Thus  the  final  conclusion  is 
that  the  flutter  can  be  eliminated  by  applying  a  suitable  feedback  control  in  the  form  of 
frictional  damping  applied  on  the  plate. 

2.  In  the  supersonic  regime: 

It  is  proved  that  the  flow  itself  has  some  stabilizing  effect  on  the  panel  (this  has  also 
been  observed  experimentally).  In  mathematical  terms,  it  is  shown  that  the  long  time 
dynamics  can  be  reduced  to  a  finite  dimensional  attractor.  Thus,  the  problem  of 
controlling  the  flutter  becomes  finite  dimensional.  Since  the  attractor  can  be  chaotic  (it 
may  contain  limit  cycles,  periodic  orbits,  etc),  controlling  the  ultimate  behavior  requires 
tools  in  finite  dimensional  control  theory.  It  has  been  also  shown  that  the  rate  of 
convergence  to  the  attracting  set  is  uniform.  This  result  has  been  obtained  by  using 
theory  of  quasi-stability  applied  to  delayed  system.  Indeed,  decomposition  methods 
allow  to  single  out  the  behavior  of  the  plate  (subjected  to  the  impact  of  the  flow)  as  a 
nonlinear  delay  system.  Thus,  the  final  conclusion  is  that  in  the  supersonic  case  the 
flutter  problem  can  be  reduced  to  a  finite  dimensional  control  problem.  This  is  then 
reduced  to  solving  an  Order  Reduction  Problem  arising  in  a  flow-gas  interaction. 
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3.  The  ultimate  goal  is  to  produce  a  finite  dimensional  control  algorithm  which  eliminates 
flutter  in  the  supersonic  case.  The  calculations  will  be  based  on  a  numerical 
approximations  of  frame  functions  determined  from  the  Order  Reduction  Algorithm. 


C)  Area  concerning  Inverse  Theory  of  Partial  Differential  Equations;  more  precisely, 
coefficient  recovery 

(i)  Here  one  start  with  a  general  Schrodinger  equation,  which  includes  electric  and  magnetic 
potential  coefficients,  defined  on  a  Riemannian  manifold  (this  case  in  particular  includes  a 
Schrodinger  equation  with  space-dependent  coefficients  of  the  principal  part  operator).  The 
problem  is  endowed  with  a  non-homogeneous  Dirichlet  boundary  term  and  an  initial  condition. 
The  goal  is  to  recover  the  unknown  electric  potential  coefficient  by  means  of  just  one  boundary 
observation  (measurement)  to  be  performed  on  a  suitable  explicit  support  of  the  boundary  as 
well  as  over  an  arbitrarily  short  interval.  Such  boundary  observation  will  involve  the  Neumann- 
trace  of  the  solution  in  the  present  non-homogeneous  Dirichlet  case.  Recovery  means  the  two 
canonical  items  of  an  inverse  problem:  uniqueness  of  the  recovery  and  stability  (also  referred 
to  as  continuous  dependence)  of  the  recovery.  The  results  obtained  are  expressed  explicitly  in 
terms  of  assumptions  on  the  data  (not  on  assumptions  of  the  solutions  as  in  much  of  the 
literature  on  inverse  problems) 

(ii)  Another  Inverse  problem  resolved  refers  to  a  third  order  (in  time)  PDE  arising  in  High 
Intensity  Ultrasound.  Here  again  the  goal  is  to  recover  (uniqueness  and  stability)  a  suitable 
natural  coefficient  by  means  of  a  boundary  measurement/observation. 
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(ii)  Well-posedness  of  the  fluid-structure  interaction  comprised  of  a  structure  immersed  in  a  fluid  domain, 
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domain  and  the  fluid  domain.  This  implies  that  the  overall  system  is  quasi-linear. 

(iii)  Well-posedness  as  well  as  stability  properties  of  another  model  of  fluid-structure  interaction:  here  the 
structure  is  instead  static  (save  for  small  rapid  oscillations)  and  is  immersed  in  the  fluid,  the  novelty  over 
past  literature  being  that  the  structure  has  an  additional  strong  damping  term,  of  the  same  order  of  strength 
as  that  of  the  principal  part  operator. 

(iv)  Additional  results  to  the  model  in  part  (iii)  refer  to  the  case  where  such  fluid-structure  interaction  model 

is  subject  to  a  control  acting  on  the  interface  between  the  two  media:  either  in  the  Neumann  boundary 

conditions  of  the  interface  conditions  (the  more  challenging  case  of  the  analysis)  or  else  in  the  Dirichlet 
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boundary  conditions  of  the  interface  conditions. 

B)  Area  concerning  flow-structure  interaction,  such  as  it  occurs  over  the  wing  of  an  airplane. 

One  of  the  fundamental  problems  in  aero-elasticity  is  the  control  of  flutter,  which  is  induced  by  the 
oscillations  of  a  panel  immersed  in  the  flow  of  gas.  One  case  is  the  wing  of  airplane  traveling  at  subsonic  or 
supersonic  speeds;  another  case  could  be  a  fixed  structure  (a  bridge)  affected  by  the  movement  of  the  air. 
Flutter  problem  is  an  endemic  phenomenon  in  technological  applications.  Thus  controlling  it,  or  altogether 
eliminating  it,  is  one  of  the  key  goals.  This  research  shows  a  solution  to  the  flutter  problem  under  either 
subsonic  regime  (by  means  of  dissipation  on  the  structure)  or  supersonic  regime  (where  it  is  reduced  to  a 
finite  dimensional  problem) 

C)  Area  concerning  Inverse  Theory  of  Partial  Differential  Equations;  more  precisely,  coefficient  recovery  via 
just  one  boundary  observation/measurement 

We  consider  a  general  Schrodinger  equation  which  includes  electric  and  magnetic  potential  defined  on  a 
Riemannian  manifold  (this  case  in  particular  includes  a  Schrodinger  equation  with  space-dependent 
coefficients  of  the  principal  part  operator).  The  problem  has  a  non-homogeneous  Dirichlet  boundary  term 
and  an  initial  condition.  The  goal  is  to  recover  the  unknown  electric  potential  coefficient  by  means  of  just 
one  boundary  observation  (measurement)  to  be  performed  on  an  arbitrarily  explicit  support  of  the  boundary 
as  well  as  over  an  arbitrarily  short  interval.  Such  boundary  observation  will  involve  the  Neumann-trace  of 
the  solution.  Recovery  means  the  two  canonical  items  of  an  inverse  problem:  uniqueness  of  the  recovery 
and  stability  (also  referred  to  as  continuous  dependence)  of  the  recovery.  The  results  obtained  are 
expressed  explicitly  in  terms  of  assumptions  on  the  data  (noton  assumptions  of  the  solutions  as  in  much  of 
the  literature  on  inverse  problems) 
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